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Abstract In the present paper, the seismic response of an arch dam subjected to spatial variation of
ground motions along the interface with its foundations is investigated. Recorded ground accelerations
at the dam foundation interface of an arch dam were used for the purpose of this investigation.
Topographic amplification between various points of the interface was studied by obtaining ratios of the
response spectral displacement and spectral pseudo acceleration. Time shift and amplification between
stations show the nonuniform nature of ground motions for large structures like dams. Recorded ground
accelerations were interpolated for different nodes of the finite element model. The seismic responses
of the Karun III dam subjected to multiple support excitations are determined. The results show that
nonuniform ground acceleration can have extensive effects on dam behavior and can increase the
responses. Pseudo static displacement is the dominant part of total displacement for points near the dam
foundation interface; however, dynamic displacement is more significant for the middle part of the dam.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Generally, the seismic analysis of dams is conducted by
inputting a uniform earthquake excitation to the base of the
structure [1,2]. In large structures, such as dams, long span
bridges and piping systems, because of an extended interface
with the ground as the support, uniform seismic excitation
is not a reasonable assumption and can lead to unrealistic
results [2,3].
Recorded motions show that due to the finite speed of
earthquake wave propagation, ground motion is delayed at the
abutment compared to the base of the dam [2,4]; this speed
varies from 200 to 4000 m/s [3]. Topographic amplification at
the abutment near the crest of the dam relative to the base
may come from various sources, such as mechanical factors
at the seismic source, geological non homogeneity along the
wave path and wave reflection and refraction across interfaces
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doi:10.1016/j.scient.2012.06.006of layers [5]. A similar amplification is reported at the bases of
long piping systems at higher elevations [6].
In recent years, a few dams have been equipped with
accelerometer arrays. Accelerometers installed at different
locations of the dam-foundation interface have recorded a few
earthquakes [2,7]. Recorded motions at the Mauvoisin dam
during the Col-de Balme (M = 4.9) and Valpelline (M = 4.6)
earthquakes [7], aswell as the Pacoimadam in January 13, 2001,
and the 1994 Northridge earthquakes [2], provide valuable data
to study the dam response under multiple support excitations.
Hall and Alves studied the topographic amplification and time
delay of ground motions at the Pacoima dam during January
13, 2001, and the Northridge 1994 earthquakes [2,8]. The
finite element analysis carried out indicated that if motions
recorded at the base of the dam are used as uniform input,
the response will be less severe than the nonuniform input [2].
Water compressibility was ignored in their study and 4 node
shell elements were used for modeling of the dam body.
Chopra and Wang investigated the Mauvoisin and Pacoima
dams responses. Results showed that nonuniform excitations
can have a significant influence on dam responses [9].
In this paper, the nonuniform nature of recorded ground
accelerations at the Karun III dam, during two earthquakes of
November 20, 2007 and November 21, 2007 are studied, and
the seismic response of the Karun III dam subjected to their
nonuniform support excitations is investigated.
evier B.V. Open access under CC BY-NC-ND license.
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The theory of multiple support excitations has been
established for many years [10]. In the current study, the
standard formulations are modified to include all degrees of
freedom on the support. The structure degrees of freedom
can be divided into two groups: support degrees of freedom,
ug , and the unsupported degrees of freedom, ut . The dynamic






























wherem,mgg , c, cgg and k, kgg aremass, damping and stiffness
matrices corresponding to unsupported and supported degrees
of freedom, respectively, and cg and kg are coupling damping
and stiffness matrices. Parameters, ug , u˙g and u¨g , are input
ground motions at the supported degrees of freedom, which
ought to be specified. The displacements can be separated into















where us is the displacement vector of unsupported degrees
of freedom due to static application of the prescribed support
displacement at each time instant. Eliminating the time
dependent terms of Eq. (1), the pseudo static displacement can
be computed as:
us = ιug ι = −k−1kg . (3)
Substituting Eqs. (2) and (3) into the first equation of Eq. (1)
results in:
mu¨+ cu˙+ ku
= −(mιu¨g)− (cu˙s + cg u˙g)− (kus + kgug). (4)
The third term in the right hand side of the above equation
is zero from Eq. (3). On the other hand, the damping term
contribution is usually small compared with the first term and
can be neglected. If the damping matrices are proportional to
the stiffness matrices, the damping term will be exactly zero.
So, Eq. (4) can be simplified as:
mu¨+ cu˙+ ku = −mιu¨g . (5)
This equation is similar to the standard governing equation
of a system under uniform excitations. If the motions of
all support nodes are to be the same, the pseudo static
displacement will be exactly the same as the ground motion
input, and, therefore, no stress will develop in the dam body
due to this rigid motion. When nonuniform accelerations are
applied to the support nodes, the pseudo static displacement
causes the stresses to develop within the dam body, especially
in the vicinity of the support nodes.
3. Karun III dam
The Karun III dam is a double curved concrete arch dam. The
height and the crest length of the dam are 205 m and 462 m,
respectively, and its thickness varies from 29 m at the base ofFigure 1: View of Karun III dam.
the crown cantilever to 5.5 m at its crest level. Figure 1 shows a
view of the Karun III dam.
An array of 15 accelerometers has been installed on
the Karun III dam to investigate dam responses and the
characteristics of recorded earthquake ground motions. As
shown in Figure 2, seven accelerometers (S1, S2, S3, S5, S6, S11
and S15) have been installed at the dam foundation interface,
and eight of them have been positioned within the dam
body. These accelerometers can record all three components of
ground motions simultaneously, with any tremor intensity in
the dam foundation system.
4. Recorded ground accelerations at dam foundation inter-
face
Two major events have been recorded by this array during
dam operations on November 20 and 21 of 2007. The recorded
ground motions had a PGA of 0.312 g and 0.109 g at the
crest, respectively. All recorded accelerations were corrected
for the purpose of the analysis. They were filtered by a
5-order Butterworth filtering method in the frequency range of
0.3 Hz–30 Hz. Figure 2 illustrates the stream component of the
first earthquake at various stations. The PGA of the recorded
ground motions and their occurring time are presented in
Tables 1 and 2, respectively.
4.1. Topographic amplification
Figure 2 and Tables 1 and 2 show that the earthquake
at the dam foundation interface is nonuniform, and there is
amplification at the abutments in the higher elevations relative
to the base of the dam. For example, the PGA of the stream
component for the first earthquake at station 11 is 1.6 times
more than the PGA at the base (S1). But, this increasing trend
does not exist in all components of the earthquake. For instance,
the PGAs of the stream and cross stream components at station
3 are less than at station 1. In spite of such exceptions, the
recorded ground motions at the higher levels are stronger. The
amplification factor depends on the event and the considered
component.
To study the variation trend of earthquakes, displacement
and pseudo acceleration response spectra of the recorded
motions are obtained. The ratios of these spectra for the stream
component of the first earthquake at stations 1, 2, 3 and 11
are shown in Figures 3 and 4. These ratios for a broad band of
periods are more than one, which proves that ground motions
M. Sohrabi-Gilani, M. Ghaemian / Scientia Iranica, Transactions A: Civil Engineering 19 (2012) 997–1004 999Figure 2: Location of accelerometer installed on Karun III dam and stream component of November 20, 2007 earthquake.Table 1: PGA of the recorded ground motions and their occurring time for the earthquake of November 20, 2007.
Recorded stations Stream comp. Cross stream comp. Vertical comp.
PGA (cm/s2) Time of PGA PGA (cm/s2) Time of PGA PGA (cm/s2) Time of PGA
S1 45 12.72 57 12.74 26 12.72
S2 57 12.76 62 12.74 23 12.73
S3 31 13.01 41 12.76 40 12.87
S6 43 12.82 47 12.82 32 12.81
S11 72 12.82 75 13.03 50 12.92
S15 71 12.85 74 12.85 28 12.81at higher elevations are stronger. However, for some periods,
these factors are less than one, which is not in accordance with
previous work done by Alves [2].
Figures 3 and 4 show that in spite of less peak ground
acceleration at station 3, the spectral ratio of this station is
greater than the base station (station 1). In addition, higher
frequency content can be observed at this station. Similar
results are obtained for other components of the earthquakes.4.2. Time delay
The time shift of PGA occurrence for various components
of recorded ground motion at the dam foundation interface
was calculated. Table 3 shows the results of the time delay
calculated for the stream component of the first earthquake.
Although results indicate the asynchronous nature of ground
motion, no conclusive results can be obtained by study of the
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Recorded stations Stream comp. Cross stream comp. Vertical comp.
PGA (cm/s2) Time of PGA PGA (cm/s2) Time of PGA PGA (cm/s2) Time of PGA
S1 12 12.51 17 12.51 5 12.51
S2 15 12.52 14 12.52 4 10.01
S3 8 12.55 7 12.5 7 12.65
S5 13 12.64 13 12.63 9 12.69
S6 14 12.6 10 12.7 7 12.59
S11 12 12.63 13 12.69 13 12.65
S15 20 12.62 14 12.62 8 12.65(a) Ratio of stations 1 and 2. (b) Ratio of stations 1 and 3.
(c) Ratio of stations 1 and 11. (d) Ratio of stations 2 and 11.
Figure 3: Ratios of spectral displacement for stream component of November 20, 2007 earthquake.Table 3: Time delays of stream components of the November 20, 2007
earthquake computed by the time of PGA.
Time shift (s), stream comp., 20.11.2007
S1 S2 S1 S3 S6
S2 0.04 S3 0.29
S11 0.10 0.06 S6 0.10 −0.19
S15 0.13 −0.16 0.03
PGA occurrence time of the recorded ground motion. Utilizing
another approach, time delay (τn,m) between base station,
am(t), and the station at the abutment, an(t), can be calculated
as follows [5,11]:




an(t + τ)am(t)dt − T < τ < T ,
(6)
where T is the duration of the earthquake.
Time shifts computed by this method are presented in
Tables 4 and 5. Positive values indicate that the earthquake first
hit the base, and with a time delay, reached the other points of
the contact area. In the calculations, the time step is limited to
500 ms due to earthquake wave velocity and distances to the
stations.
In some cases, the computed time shifts are negative, which
is illogical. In these cases, the time shift closest to themaximumTable 4: Time delay of the November 20, 2007 earthquake computed by
integration method.
Time shift (s), stream comp., 20.11.2007
S1 S2 S1 S3 S6
S2 0.04 S3 0.24 (0.07)
S11 0.09 0.05 S6 0.09 0.05
S15 0.13 −0.11 0.04
(0.08)
Time shift (s), cross stream comp., 20.11.2007
S1 S2 S1 S3 S6
S2 0.00 S3 0.02
S11 0.28 0.05 S6 0.08 0.05
(0.05) S15 0.11 0.09 0.03
Time shift (s), vertical comp., 20.11.2007
S1 S2 S1 S3 S6
S2 0.02 S3 0.03
S11 0.21 0.03 S6 −0.01 0.03
(0.04) (0.00)
S15 0.10 0.05 0.01
are computed and reported. For example, for the stream
component of the first earthquake, the time delay between
stations 1 and 3 is 240 ms. This value, due to the limited speed
of earthquake waves and the close proximity of stations 1 and
3, is too high; therefore, the next value, 70 ms, is considered as
the time delay between these two stations. The computed time
shifts of the adjacent stations can justify this assumption. For
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(c) Ratio of stations 1 and 11. (d) Ratio of stations 2 and 11.
Figure 4: Ratio of spectral pseudo acceleration for stream component of November 20, 2007 earthquake.Table 5: Time delay of the November 21, 2007 earthquake computed by
integration method.
Time shift (s), stream comp., 21.11.2007
S1 S2 S5 S1 S3 S6
S2 0.02 S3 0.04
S5 0.06 0.04 S6 0.09 0.05
S11 0.07 0.06 0.02 S15 0.12 0.08 0.03
Time shift (s), cross stream comp., 21.11.2007
S1 S2 S5 S1 S3 S6
S2 0.00 S3 0.20
(0.02)
S5 0.05 0.04 S6 0.08 0.05
S11 0.06 0.26 0.01 S15 0.10 0.08 0.02
(0.06)
Time shift (s), vertical comp., 21.11.2007
S1 S2 S5 S1 S3 S6
S2 0.00 S3 0.01
S5 0.00 0.03 S6 0.05 0.03
S11 0.21 0.03 0.00 S15 −0.03 0.04 0.00
(0.07) (0.04)
instance, the time shifts between stations 3 and 6 and 1 and 6
are 50 and 90 ms, respectively; therefore, 70 ms, as the time
shift between stations 1 and 3, are justifiable.
As shown in these tables, the time delay depends strongly
on the considered component of the earthquake. The time
shifts corresponding to the stream, cross stream and vertical
components of the first earthquake between stations 1 and
11 are 90, 50 and 40 ms, respectively. In general, the vertical
component has smaller time delays, which shows higher wave
velocity for the vertical component.
The speed of earthquake waves can be evaluated based
on the distance and corresponding computed time shifts of
the stations. The speed of the stream component is estimated
around 2170 to 4030 m/s, and the speed of the cross stream
and vertical components would be about 2560 to 5640 and
2800 to 7050 m/s, respectively. These speed values are in good
agreement with other Refs. [5]. It can be observed that thesevalues do not exactly match the distance and computed time
delays of any two stations.
It should be mentioned that in spite of the low intensity
of the January 13, 2001 earthquake and other earthquakes
occurring on the Karun III dam, the recorded ground motion
at the dam foundation interface is severely nonuniform. This
non-uniformity is expected to be more severe in stronger
earthquakes.
5. Motions interpolation at dam foundation interface
Generally, due to the extended dam foundation contact
region and the limited number of installed accelerometers at
the dam foundation interface, input groundmotions at all finite
element nodal points are not available and should be estimated.
The required acceleration time histories can be interpolated or





yn − ym An(ω)
iωτn,m
+ yn − y




yn−ym ωτn,m , (7)
where Anode(ω), An(ω) and Am(ω) are the Fourier transform
of the acceleration time history of the interpolated node at
elevation y and its corresponding adjacent stations. It should be
noted that, although the acceleration time histories at stations n
andm are corrected, the interpolated onewould be uncorrected
and would need to be corrected.
6. Finite element model of Karun III dam
Figure 5 shows the provided finite element model of the
Karun III dam. One hundred and eighteen 20-node solid brick
elements, including 964 nodes, are used tomodel the dambody.
For modeling the reservoir, 864 8-node fluid elements are used.
The reservoir is truncated at a distance from the upstream face,
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Figure 6: Recorded and computed displacements in stream, cross stream and
vertical direction at crest (station 12).
which is about twice the dam height. The reservoir elevation at
the time of the earthquake hitting was 180 m.
The modulus of elasticity for mass concrete is 30 GPa and
its density is taken to be 2400 kg/m3. These data are based
on tests conducted on the Karun III dam. The density of water
is 1000 kg/m3 and the pressure wave velocity is taken to be
1400 m/s.
The NSAD-DRI program was used to study the seismic
response of the Karun III dam. This program was developed to
consider the nonuniform nature of ground motions, as brought
in this study. In this program, the staggered method is used for
dam reservoir interaction and water compressibility is taken
into account. Although linear and nonlinear analysis based on
the smeared crack method can be conducted using NSAD-DRI,
this study is limited to the linear behavior of the dam-reservoir-
foundation system [12].
The ground acceleration time histories used in this study
have been recorded at the dam foundation interface and,
therefore, in the finite element model, the foundation was
excluded. The distribution of ground motion across the
thickness of the dam is considered to be uniform.Figure 7: Total and pseudo static displacements in stream, cross stream and
vertical directions at crest (station 12).
7. Results and discussion
Computed and recorded displacements of the crest at station
12 in stream, cross stream and vertical directions are shown
in Figure 6. Although overall consistency exists, the computed
values do not complywith recorded displacements exactly. This
can be described by the fact that node 946 is not exactly located
on station 12. Such an inaccuracy can also be attributed to
the nature of recorded ground accelerations and the processing
method of the incorrect data.
Total and pseudo static displacements of stations 12, 7 and
13 are presented in Figures 7–9, respectively. As is clear, the
ratio strongly depends on the location of the stations and the
component of the motion. Pseudo static displacement is the
dominant part of the total displacement for places near the
foundation, where dynamic displacement is not significant.
The pseudo static displacement contribution decreases for the
middle part of the dam, where dynamic displacement would
be the major part of the response. Generally, pseudo static
displacement is more significant for vertical and cross stream
components.
The contours of maximum tensile arch stress for the up-
stream face of the dam, due to uniform and nonuniform excita-
tions, are presented in Figure 10. Although the stress distribu-
tion pattern is similar in both cases, the nonuniform excitation
results in higher stress, especially near the foundation, where
various points experience different motions.
8. Conclusions
An analysis of the system was carried out using the
earthquake recorded on November 20, 2007. Recorded ground
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vertical directions at crest (station 7).
motions at the stations along thedam foundation interfacewere
used to obtain the interpolated ground motions at the finite
element nodal points. The input ground motions for the three
components of the earthquake were applied in the NSAD-DRI
finite element program for the purpose of the analysis.
Although the ground accelerations recorded at the Karun III
dam are low intensity earthquakes, they are extremely valuable
for studying the spatial variations of earthquake waves at the
dam foundation interface. Analysis shows that the motion at
the dam foundation interface is nonuniform, and there is a time
shift and amplification at the abutment compared to the base
of the dam. Time shift and amplification depend on earthquake
components and vary in earthquakes.
The obtained results indicate that spatially varying earth-
quake assumption is in good agreement with the recorded dis-
placement of the dam. The pseudo static displacement responseFigure 9: Total and pseudo static displacements in stream, cross stream and
vertical directions at crest (station 13).
is the dominant part of the total displacement at the points close
to the foundation. The ratio of dynamic displacements increases
for the middle part of the dam. Applying the base motion as the
uniform excitation underestimates crest displacements and de-
veloped stresses in the dam body.
Although the overall trend of the computed and recorded
responses for the considered analysis are good, there are some
differences in the peak values. This discordance may be due
to the processing method of the recorded motions. Additional
work on the processing of recorded ground accelerations and
interpolation methods is in progress.
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